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ABSTRACT 
A highly-sensitive thermal flow sensor for liquid flow 
with nl⋅min-1 resolution has been realised. The sensor 
consists of freely-suspended silicon-rich silicon-nitride 
microchannels with integrated Al heater resistors and 
Al/poly-Si++ thermopiles. The influence of drift in the 
thin-film metal resistors is effectively eliminated by using 
thermopiles combined with an adequate measurement 
method, where the power in the heater resistors is 
controlled, e.g. constant-power calorimetric method or 
temperature balancing method. The special meandering 
layout of the microchannels and the placement of 
thermopile junctions increases sensitivity by summing the 
thermopile voltages due to convection by fluid flow, 
whereas the influence of ambient temperature gradients is 
compensated for. 
 
1.  INTRODUCTION 
The miniaturisation of microfluidic components asks 
for accurate and reliable measurement of tiny fluid flow 
rates in the order of nl⋅min-1. Current micromechanical 
thermal flow sensors are capable of measuring down to 
nl⋅min-1 resolution [1−4]. Important problems limiting the 
accuracy of these thermal flow sensors are: the drift in the 
electrical resistance of thin-film layers used for heating 
and temperature sensing, and the influence of external 
temperature gradients across the sensor chip. Thermistors 
used for temperature sensing can be avoided, by using 
thermopiles to measure a temperature difference, with 
inherent zero-offset [5−6]. Using thermopiles, the flow 
sensor can be made independent of resistance drift by 
applying power control on heater resistors. Additionally, a 
temperature-balancing feedback loop can be used to 
compensate for thermopile sensitivity drift [6].  
This paper presents a low-drift calorimetric flow 
sensor for liquid flows with nl⋅min-1 resolution. The 
flow   sensor consists of freely-suspended microchannels 
with integrated thermopiles for temperature sensing, with 
power control applied on heater resistors used. 
Furthermore, a special meandering microchannel layout is 
utilised to compensate for the influence of external 
temperature gradients across the sensor chip. 
 
2.  COMPENSATION CONCEPT 
Ambient temperature-gradients are compensated 
using a meandering microchannel layout, in which a fluid 
flow Q passes in alternating direction through several 
freely-suspended microchannels used for thermal flow 
sensing (Figure 1). Thermopiles are connected in series 
and positioned on the freely suspended microchannels in 
such a way that each thermopile measures a temperature 
difference ΔT between an upstream junction temperature 
Tup and a downstream junction temperature Tdown.                                                      
    
 
Figure 1: Ambient temperature-gradient compensated 
flow sensor concept. 
 
Effectively the flow passes the same sensor configuration 
several times, while flowing through the meandering 
microchannel, giving a summation of multiple thermopile 
voltages due to convection by fluid flow. 
External temperature gradients ΔTG of first order can 
be decomposed in two directions. A temperature gradient 
parallel to the microchannels ΔTGpara. changes Tup and 
Tdown in opposite ways on alternating microchannels, 
not    influencing the total measured ΔT. A gradient 
perpendicular to the microchannels ΔTGperp. changes the 
offset temperature of each microchannel, not influencing 
the difference between Tup and Tdown on the same 
microchannel. First order temperature gradients can 
therefore be fully compensated. However, the heater 
resistors are slightly temperature dependent and therefore 
require control of the heating power PH, in order for the 
compensation concept to work properly. 
 
3.  SENSOR FABRICATION 
The fabricated thermopile flow sensor uses freely-
suspended surface microchannels for on-chip transport of 
fluid. The microchannels are fabricated without the 
requirement for sacrifical layer etching and allow for the 
integration of sensor elements in close proximity to the 
fluid [7]. The technology has been applied in the 
fabrication of highly-sensitive flow sensors [4, 6, 8]. 
Figure 2 gives a schematic overview of the process 
scheme for the fabrication of the thermopile flow sensor. 
Surface microchannels are created by isotropic dry 
etching, using high-density SF6 plasma with zero self-
bias, through etch holes 2 μm in width, in a low-stress 
500 nm silicon-rich silicon-nitride (SiRN) layer. The etch 
holes and inner surfaces of the microchannels are 
conformally coated by a second low-stress LPCVD 
deposited 1.3 μm SiRN layer, resulting in completely 
sealed microchannels, while leaving a planar substrate                       
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Figure 2: Process scheme for the fabrication of the 
temperature-gradient compensated thermopile flow 
sensor. 
 
surface for the integration of Al/poly-Si++ thermopiles and 
Al heater resistors. The thermopiles are created by 
LPCVD deposition and boron doping, by solid source 
diffusion, of a 200 nm poly-Si++ layer and sputtering of a 
200 nm Al layer (Figure 2a). The surface microchannels 
are released by SF6 plasma etching for thermal isolation 
from the heat-conducting substrate, with the photoresist 
mask protecting the sensor elements during the release 
(Figure 2b). The photoresist is removed after fluidic 
entrance holes are etched through the SiRN layer 
(Figure 2c). 
Figure 3 shows a micrograph of the fabricated 
temperature-gradient compensated flow sensor. The 
sensor contains three parallel 20 μm diameter 
microchannels, which cross a thermal-isolation cavity 
(1.2 × 2.0 mm, 250 μm deep) several times in alternating 
flow directions. Heater resistors are centered on the freely 
suspended microchannels and connected in series. Four-
point contact is used for accurate power control.  
Figure 4 shows a close-up of the surface 
microchannels with integrated Al/poly-Si++ thermopiles 
having eight junctions on either side, for measuring the 
down- and upstream temperature difference. 
 
 
Figure 3: Microchannel temperature-gradient compen-
sated thermopile flow sensor. 
 
Figure 4: Close-up of the microchannels with integrated 
Al heater resistors and Al/poly-Si++ thermopiles, 
suspended over a thermal isolation cavity etched in the 
substrate. 
 
4.  SENSOR MODELLING 
A thermal model of the flow sensor was constructed 
in COMSOL Multiphysics. The temperature field was 
solved including the thermal conduction in the flow 
sensor and surrounding air and forced convection by 
water flow through the microchannels. The flow inside the 
microchannels is approximated using a fixed velocity 
profile corresponding to a given flow rate, without 
affecting the accuracy of the thermal model. Additionally, 
deposited layers are modelled as highly conductive layers, 
including the thermopiles and heater resistors. 
Figure 5 shows isothermal surfaces of the resulting 
temperature field at 350 nl⋅min-1 water flow through the 
microchannels, with 0.6 mW total heating power applied. 
Clearly, the effect of forced convection by the alternating 
direction of the flow through the microchannels can be 
observed at this relatively high flow rate. The high                                                 
  
 
Figure 5: Thermal FEM model of the flow sensor, 
showing the influence of convection by the alternating 
direction of 350 nl⋅min-1 water flow through the 
microchannels at 0.6 mW total heating power. 
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Figure 6: Temperature profiles for various water flow 
rates in the positive x-direction along a microchannel 
suspended at ±600 μm, with 0.6 mW total heating power 
applied. 
 
thermal conduction of the Al leads connecting the heater 
resistors is also apparent. Although, there is no heat flow 
between adjacent microchannels for the temperature field 
by conduction alone.  
Figure 6 shows temperature profiles along the 
microchannel at various water flow rates. A difference in 
the slope of the temperature profiles can be observed at 
±225 μm from the centre, where the thermopile junctions 
are situated on the microchannel, with the thermopile 
leads causing much higher thermal conduction to the 
substrate.  
 
5.  EXPIREMENTAL RESULTS 
Flow Rate Sensitivity 
The fabricated thermopile flow sensors chips (12.5 × 
12.5 mm) have bondpads and microchannel entrance 
holes on fixed positions for self alignment with a chip 
holder (Figure 7). The chip holder contains O-rings for 
fluidic interfacing and pogo-pins for electrical 
connections to the sensor chip. Water flow is applied by 
an elevation head Δh, giving a stable flow rate. The flow 
rate is calibrated by microbalance weighing, where 
evaporation from the balance, in the order of 100 nl⋅min-1, 
has to be taken into consideration. A source measurement 
unit (Keithley 2420) was used for controlling a fixed total 
heating power PH. The thermopile voltage VTC was 
obtained by a nano-volt meter (HP 34420A). 
Figure 8 shows the thermopile voltage VTC 
dependency on water flow rate Q up to 550 nl⋅min-1 at 
various applied heating powers. The sensor shows linear 
sensitivity up to flow rates of about 100 nl⋅min-1. The 
heater temperature decreases at higher flow rates 
(Figure 6), causing the sensor output to decrease 
according to King’s law. The dashed lines in figure 8 
show fitted FEM results after scaling calculated 
temperature differences to measured voltages. 
Measurements show offsets in the thermopile voltage, 
which are dependent on the heating power and can be 
attributed to sensor asymmetries. 
 
Figure 7: Overview of the flow measurement setup, with 




Figure 8: Flow sensor thermopile-voltage VTC dependency 
on water flow rate Q at various applied total heating 
powers. Dashed lines show fitted FEM results. 
 
Ambient Temperature-Gradient Sensitivity 
A temperature-gradient measurement setup was 
constructed in order to determine the influence of external 
temperature gradients on the thermopile voltage 
(Figure 9). The setup consists of a 5 mm thick Cu plate, 
which is heated from one side by a resistor dissipating 
25 W, while the other side is connected to a large 
aluminium plate acting as heat sink, thus creating a well 
defined temperature gradient. The temperature gradient 
was determined to be approximately 2.8 K⋅cm-1, measured 
using two Pt-100 elements placed 10 cm apart. The sensor 
chip is placed in the centre of the Cu plate and probes are 
used to measure the thermopile voltage using a nano-volt 
meter (HP 34420A). This allows the sensor chip to be 
rotated and the influence of the external temperature 
gradient to be measured at any angle. 
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Figure 9: Temperature-gradient measurement setup for 




Figure 10: External temperature-gradient sensitivity of 
the thermopile voltage VTC measured for a compensated 
sensor and a single-microchannel uncompensated flow 
sensor. 
 
An ambient temperature-gradient compensated flow 
sensor and an uncompensated single-microchannel 
flow  sensor, for comparison, were measured, with both 
sensors having nearly equal amounts of thermopile 
junctions. The ambient temperature-gradient compensated 
flow sensor shows to be completely compensated for 
external temperature gradients (Figure 10). The 
uncompensated flow sensor shows a figure-of-eight 
sensitivity pattern, because the flow sensor is only 
sensitive to temperature gradients parallel to the 
microchannel ΔTpara.. 
6.  CONCLUSIONS 
A calorimetric flow sensor measuring liquid flow 
down to nl⋅min-1 resolution has been realised, using 
freely-suspended microchannels for thermal isolation 
form the silicon substrate. The flow sensor shows a linear 
response for water flow up to 100 nl⋅min-1, which is 
accurately described by a thermal FEM model of the 
sensor.  
Influence of drift in thin-film metal resistors is 
effectively eliminated by using power control, in 
conjunction with thermopiles for temperature sensing. It is 
demonstrated that this measurement method in 
combination with a special meandering microchannel 
layout can effectively compensate drift by ambient 
temperature-gradients across the sensor chip. Compared to 
a single microchannel uncompensated flow sensor a 
significant improvement is obtained in sensor accuracy.  
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